Abstract: Denitrification losses from agricultural land have been identified as a significant nitrogen (N) loss pathway that contributes to poor utilization of applied N. Higher losses have been reported when inorganic fertilizer N is substituted with an organic N source such as livestock manure. This research examines the relationships between denitrification rates, land management practices and soil processes when using spring applied liquid dairy manure (LDM) as principal N source. Mean daily denitrification rates (DDRs) in a perennial hayfield (PH) rotation and a corn-soybean-wheat (CSW) rotation with or without tillage (T and NT respectively) ranged between 0.9 and 27.0 g N ha −1 day −1 . Mean, seasonal DDRs in the PH rotation were significantly lower in three out of six seasons when compared with the CSW-T and (or) CSW-NT rotation. When averaged across the six season study period, the mean DDR in PH of 4.4 g N ha −1 day −1 was also significantly lower than CSW-T and NT (7.6 and 8.1 g N ha −1 day −1 , respectively). There were no significant effects of tillage in the CSW rotations in any of the six growing seasons. When treatment and growing season data were combined, a positive relationship between water-filled pore space (WFPS) and DDR indicated a threshold of approximately 40% WFPS for onset of significant denitrification. Similarly, the relationship between soil nitrate levels and denitrification rates in the population data set demonstrated that NO 3 − began to limit DDR below 2-5 mg N kg −1 . This 6-year study of denitrification losses suggests a primary effect of WFPS, a secondary effect of O 2 consumption as reflected by soil respiration, and nitrate limiting only at relatively low concentrations. Environmental variables were more consistent drivers of denitrification in three manure-fed crop rotations typical of Atlantic Canada dairy operations than were land management decisions and practices.
Introduction
Low nitrogen utilization efficiency (NUE) is a major environmental concern in all crop producing regions of the world (Erisman et al. 2008) . In Atlantic Canada, a region characterized by a humid maritime climate, a high proportion (>80%) of the 1.1 Mha agricultural land base is used for forage and silage production in support of a livestock industry dominated by dairy and beef cow production (Statistics Canada 2011) . Therefore, the use of liquid dairy manure (LDM) as a nitrogen (N) source for the production of forage and silage crops is common. In a ranking by the proportion of farmland under the category of "very high manure N production" (≥40 kg N ha −1 ) between 1981 and 2006, Nova Scotia was found to have a proportion of farmland at 86% of not only Atlantic Canada but all Canadian provinces (Yang et al. 2011) . While the major cause of low NUE in Atlantic Canada is nitrate leaching (Mkhabela et al. 2008; Fuller et al. 2010) , denitrification losses from agricultural land have also been identified as a significant N loss pathway that contributes to poor N utilization (Fan et al. 1997) , especially under conditions of high growing season precipitation such as those experienced in Atlantic Canada, which receives in excess of 500 mm between April and October in the major agricultural areas (Environment Canada 2014) . A significant number of studies on denitrification losses from crop rotations used for livestock feed have been undertaken in which inorganic fertilizers have been used as an N source (Fan et al. 1997) . When organic N sources such as LDM are used instead of inorganic N fertilizers, most authors have reported significantly higher denitrification losses. Lowrance et al. (1998) for example found that high rates of LDM applied to year-round forage production systems resulted in denitrification rates 10-100 times higher than those with inorganic N fertilizer. There are fewer studies quantifying denitrification losses from manure-fed dairy crop rotations in humid ecozones such as Atlantic Canada where both N leaching and denitrification losses are of concern, and no comprehensive studies comparing and quantifying losses between rotations with different NUEs, such as perennial hayfield and cornsoybean-wheat rotations with or without tillage as a major land management practice. Paul and Zebarth (1997a) reported denitrification rates for an 11-week period in the fall of 193 g N ha −1 day −1 from the 0-15 cm depth in response to post-corn harvest applications of incorporated dairy cattle slurry. In a parallel study, Paul and Zebarth (1997b) reported growing season denitrification rates of 22 g N ha −1 day −1 from silage corn with spring incorporated LDM. The dual effect of tillage on growing season denitrification rates and nitrate leaching losses is not well understood. Higher denitrification losses have been reported under no-till practices when compared with conventional tillage by Rice and Smith (1982) , Staley et al. (1990) , Fan et al. (1997) , and Mkhabela et al. (2008) . The latter authors attributed lower nitrate concentrations in tile leachate under no-till continuous corn in a manure-fed system in part to higher denitrification losses under no-till, when compared with conventional till. In a previous study involving nitrate leaching losses from manure-fed corn-soybean-wheat and forage rotations in Atlantic Canada, Fuller et al. (2010) were unable to demonstrate any significant decrease in nitrate leaching losses resulting from no-till practices. The authors suggested that higher denitrification rates are a possible factor that could confound the effects of tillage and that increased denitrification losses may be offset by factors such as increased mineralization of manure N under no-till. The shift by producers in recent years to conservation tillage practices in their rotations to minimize soil erosion, increase carbon sequestration, improve soil health (Moebius et al. 2007; Idowu et al. 2008) , and reduce energy use (McLaughlin et al. 2008) has given rise to a need to evaluate the compatibility of this best agricultural practice (BAP) with BAPs for reducing other environmental impacts in systems receiving manure. These include denitrification losses, ammonia volatilization, surface run-off losses of N, and N leaching losses (Mkhabela et al. 2008; Fuller et al. 2010) . The trade-off between these environmental impacts results from N's reactivity, frequent changes in form, and high rates of cycling through different environmental media (Ribaudo et al. 2011 ) and can only be assessed empirically from specific soil-crop-climate associations.
As such this project was initiated in 2007 to address knowledge gaps and gain a better understanding of the relationships between denitrification rates, soil processes, and land management practices resulting from the use of spring applied LDM as the principal N source for typical dairy rotations in Atlantic Canada. Specific objectives were (1) to compare denitrification rates in corn-soybeanwheat (CSW) and perennial hayfield (PH) rotations, (2) to quantify differences in these rates arising from tillage practices within rotations, (3) to examine the relationship between growing season denitrification and nitrate leaching losses, and (4) to quantify the effect of major soil parameters on denitrification rates.
Materials and Methods

Site description
The research was conducted between 2007 and 2012 in Kentville, NS, on a 1.2 ha tile drainage research site (45°03′51″N; 64°29′03″W; 65 m elevation) at the Kentville Research and Development Centre. The site has a uniform, 1-2% slope and the soil type is a Gleyed Sombric Brunisol (Agriculture Canada Expert Committee on Soil Survey 1987), locally known as Debert Series (Holmstrom and Thompson 1989) and is commonly used for crop production. The soil is imperfectly drained and has a friable, coarse loamy upper soil material with a saturated hydraulic conductivity (K sat ) of 30.4 cm h −1 . The soil to 25 cm depth had a pH (H 2 O) of 6.0, a C/N ratio of 18, and an organic carbon content of 1.7%. In the spring of 2007, prior to the onset of experimental activities, the site was limed to a target pH (H 2 O) of 6.5 at a rate of 4 metric tonnes of dolomitic limestone per hectare based on provincial guidelines (NSDAF 2011).
Study design
Three crop rotation systems typical of dairy operations in the region were contrasted as treatments in this experiment with spring-applied LDM as the principal N source. These were perennial hayfield (PH), corn (Zea mays L.) -soybean (Glycine max L.) -spring wheat (Triticum aestivum L.) rotation with spring tillage (CSW-T) or without (CSW-NT). The PH plots, which had been in existence since 2002, were re-established with a mixture of bromegrass (Bromus arvensis L.) and timothy (Phleum pretense L.) in 2006, 1 year prior to the onset of the study. The PH plots were re-established again in the spring of 2010 to the same grasses with plough-down, as a normal commercial practice to maintain the quality of the stand. Germination was poor due to inclement weather and the plots were subsequently chemically fallowed to prevent vegetative growth and reseeded in early September 2010 with good success.
The CSW-T and CSW-NT rotation plots were also originally established in 2002 and remained in this rotation during the study period. LDM was uniformly applied as principal N source in spring to all rotation treatments at a target rate of 175 kg total N ha −1 in 4 of the 6 study years.
These were corn and wheat years for the CSW-T and CSW-NT rotations (2007, 2009, 2010, and 2012) . In soybean years (2008 and 2011) , no LDM was applied at the site and the PH rotation received inorganic nitrogen fertilizer as N source. The CSW-T plots were prepared each spring with a single pass of a twisted-shovel chisel plough (30 cm depth) followed by single passes with disc and triple K spring tooth harrows. These tillage operations were aimed at incorporating the manure and (or) preparing a seed bed. Details of the fertility treatments are summarized in Table 1 . All crops were grown using standard management practices for seeding, weed control, and pest control. A randomized complete block design with three replications of each treatment was employed at the experimental site. Experimental units consisted of 100 m × 12.2 m plots. The three treatments, CSW-T, CSW-NT, and PH were randomly assigned to one of the three plots within each statistical block. A representative, 1 L LDM sample was collected from each tanker load that was broadcast at the site in manure years (2007, 2009, 2010, 2012) . Samples were preserved by freezing and subsequently analyzed for carbon, total N, and ammonium (Table 2 ). All experimental units of the CSW-T and CSW-NT rotations were harvested each year and crop yields were recorded after representative samples had been taken for determination of N removal. In the PH treatment, the stand in each experimental unit was cut and baled in July, except in 2010, the re-establishment year. Hay yields were recorded and representative samples were taken for analysis of N and the determination of N removal. Manure samples were analyzed at the Provincial Soil and Test Feed Laboratory of the NS Department of Agriculture using standard methods (Douglas et al. 1992) .
During the last three (2010-2012) seasons of the study, an existing tile drainage system installed in all experimental units was used to determine tile drainage nitrate losses from the rotation treatments over the course of the 193-day growing season. This tile drainage research facility has been described previously by Fuller et al. (2010) . Nitrate losses were determined by monitoring of tile drainage rates and frequent (twice per week) grab sampling (n = 49, 49, and 43 sample events for 2010, 2011, and 2012, respectively) . All tile drainage samples were acidified with concentrated sulfuric acid (1 mL acid per 1000 mL sample), stored at 3°C and analyzed within 4 weeks. Samples were centrifuged at 2000g for 10 min and the supernatant analyzed colorimetrically by flow injection analysis on a Lachat QuikChem 8500 for nitrate-N + nitrite-N (Lachat Instruments 2003a). Monthly precipitation records as well as climate normals for precipitation were drawn from Environment Canada's weather station, also situated at the Kentville Research and Development Centre, Kentville, NS, at a distance of 300 m from the experimental site (Environment Canada 2014).
Denitrification and soil respiration
Estimates of denitrification and soil respiration were made using the acetylene inhibition technique (AIT) on undisturbed soil cores as described by Drury et al. (2008) . While the AIT method is not without its issues (Groffman et al. 2006) , we have selected it as the most appropriate method for use in this study as it allows (i) the measurement of short-term rates of denitrification on intact cores under field conditions (water and temperature) without replacing the soil atmosphere, (ii) it does not require the addition of exogenous nitrate, and (iii) by blocking nitrification, it allows measurement of denitrification independent of N 2 O production from nitrification. These soils typically exhibit low nitrate concentrations, and therefore, the addition of exogenous nitrate as required in isotopic methods is problematic.
The blockage of nitrification during the 24 h assay was not considered to be an issue as the sites for denitrification (anoxic) are likely to spatially removed from those of nitrification (oxic) and the amount of N denitrified in a 24 h period (~1 g N ha −1 ) represented approximately 0.01% of the nitrate (~10 kg N ha −1 ) contained in the soil.
We acknowledge that AIT may underestimate total denitrification (Bollmann and Conrad 1997) but agree with Groffman et al. (2006) that the AIT assay "is still widely (and validly) used for comparisons of sites and experimental treatments in both terrestrial and aquatic environments, for evaluation of controlling factors". Our discussion of the denitrification results will be restricted to treatment effects, temporal patterns, and relationships with soil parameters rather than an overall mass balance of N lost by denitrification. Other studies have similarly used AIT in this manner (Paul and Zebarth 1997b; Lowrance et al. 1998; Marshall et al. 1999; Sullivan et al. 2005; Drury et al. 2008; Mkhabela et al. 2008; Miller et al. 2012) . Acrylic sleeves measuring 10 cm in length by 6.0 cm inside diameter and perforated with 2.0 mm holes, 1.0 cm apart to facilitate gas exchange (Burton and Beauchamp 1984) were inserted into a soil corer fitted with a drop hammer to facilitate penetration into the soil. For each sample event, duplicate soil cores were extracted from each plot. In 2007, sampling took place every~21 days from the start of the season, while for the years 2008-2012, sampling frequency was increased to every~14 days. The growing season was defined as the period between 22 April (start of the 4th week) and 31 October. These cut-off dates are a reflection of the earliest and latest land management activities based on historical records of research at this site.
Soil cores were placed in 1.0 L plastic incubation containers with serum stoppers attached to the lids. Prior to sealing a 20 mL sample of air was taken with a syringe 1.0 cm above the core surface (0 h) and injected into a pre-evacuated exetainer. After sealing, a syringe was used to remove 100 mL of headspace and add 125 mL of acetylene. The containers were subsequently incubated for 24 h. Temperature for incubation was taken as the average daily soil temperature at 5 cm depth for the 24 h period preceding sampling. After 24 h, the air in the containers was mixed and sampled three times through the serum stopper using a 20 mL syringe. Gas samples were injected into pre-evacuated exetainers and analyzed to determine N 2 O and CO 2 concentrations using a Varian Star 3800 Gas Chromatograph (Varian, Mississauga, ON) fitted with three detectors (electron capture detector (ECD) to detect N 2 O, flame ionization detector (FID) to detect CH 4 , and thermal conductivity detector (TCD) to detect CO 2 ) with a Combi-PAL autosampler. The autosampler removes a 2.5 mL volume from the sample tube and injects this into a sample valve that delivers 0.5 mL to the ECD and 0.5 mL to the TCD and FID in series. The ECD was operated at 300°C, 90% Ar, 10% CH 4 carrier gas at 10 mL min −1 , Haysep N 80/100 pre-column (0.32 cm diameter × 50 cm length) and Haysep D 80/100 mesh analytical columns (0.32 cm diameter × 200 cm length) in a column oven operated at 70°C. Pre-column was used in combination with a valve to remove water from the sample. The TCD and FID were operated in series. The sample contained in the second sample loop passed through a Haysep N 80/100 mesh (0.32 cm diameter × 50 cm length) pre-column followed by a Porapak QS 80/ 100 mesh (0.32 cm diameter × 200 cm length) with a pre-purified helium carrier gas at 20 psi maintained at 70°C. The TCD was operated at 130°C and the FID was operated at 250°C. Operational conditions and data handling was performed with Varian Star software. In each analytical run of 200 samples, five replicates of three concentrations of standard gas mixtures were run every 50 samples to construct a standard curve for that day and for quality assurance and quality control purposes. The accumulation of N 2 O in the presence of acetylene was taken as a measure of the daily denitrification rate (DDR) and CO 2 accumulation was taken as a measure of the daily soil respiration rate (DRR), reflecting carbon availability to the microbial community.
Properties of soil cores
The cores were weighed and a subsample was ovendried at 105°C for gravimetric water content. This allowed calculation of volumetric water content and bulk density for each soil core. Soil porosity was calculated using soil bulk density with an assumed mean particle density of 2.65 g cm −3 . Water filled pore space (WFPS) was calculated as the quotient of volumetric water content and soil porosity (Liu et al. 2007) . A further subsample was extracted with a 2 mol L −1 solution of KCl (ratio of 1:10) (Sanderson and MacLeod 1994; Mulvaney 1996) and the concentrations of ammonium and nitrate were determined colorimetrically using flow injection analysis on a Lachat QuikChem 8500 (Lachat Instruments 2003b . Soil carbon content was determined from cores taken immediately prior to manure application, 2 weeks after manure application, early August, and at the end of the growing season. Percent carbon was determined by dry combustion at 1000°C followed by combustion gas stream analysis of CO 2 using an ElementarVario MAX CN analyzer (Elementar Americas Inc., Mt. Laurel, NJ) as outlined by Skjemstad and Baldock (2007) .
Statistical procedures
Growing season (GS) means (all sample events) were used to assess treatment effects on denitrification and soil respiration rates as well as soil core properties and nitrate leaching. This was accomplished using an ANOVA procedure from GenStat ® (2008) . All data were subjected to the UNIVARIATE test for normality to determine the need for log transformation. Data was analyzed using the GenStat ANOVA procedure with treatment as a fixed effect and replicate as a random effect. To model the effect of sampling date on DDR within seasons, linear, quadratic, and cubic orthogonal polynomials were fitted to sample dates and the resulting coefficients were analyzed with the ANOVA procedure. Comparison of means was achieved using Fisher's least significant difference method with GenStat's AMCOMPARISON procedure.
A multiple stepwise linear regression analysis was performed to examine the relative contributions of % WFPS, soil core incubation temperature (ST), soil ammonium and nitrate contents, and Julian date (JD) on daily denitrification rates.
The effect of seasonality in DDRs was examined by combining the data from the six growing seasons for each treatment and clustering into three periods, namely Spring (mid-April to mid-June), mid-Summer (mid-June to end of August), and Fall (end of August to early November) for which means were calculated. Trend lines were then fitted to the 6-year means for each period using linear regression.
A repeated measure analysis was used to evaluate changes in means, linear slopes, and quadratic slopes across the year and season responses for each management treatment (PH, CSW-T, CSW-NT).
To better demonstrate the effect of environmental variables such as %WFPS on DDR in a highly variable data set, we combined fixed and random effects (treatments, sample dates and growing seasons and replicates) to yield a population data set of 1454 pairs of observations. The pairs were then sorted in ascending order of the independent variable and divided into six %WFPS range classes with a comparable number of pairs in each class (243 ± 1). This binning procedure resulted in %WFPS cutoffs for the range classes of 9.7-41.1, 41. 2-49.8, 49.9-53.5, 53.6-64.4, 64.5-73.0, 73.1-98 .9%. The corresponding arithmetic means within each range class were then regressed against those of the dependent variable (DDR) using a least square procedure for best fit. Six range classes were chosen to provide sufficient data points if the data was nonlinear. A similar exercise was undertaken for the independent variables soil nitrate (range classes 0. 0-0.18, 0.19-0.88, 0.89-1.81, 1.82-3.78, 3.79-8.26, 8.27-77 .1 mg N kg −1 ) and soil respiration (range classes 0.0-9. 9, 10.0-15.7, 15.8-22.4, 22.5-30.9, 31.0-42.8, 42.9-185 .0 kg CO 2 -C ha −1 day −1 ). To determine the occurrence of extreme denitrification events, a hotspot analysis was performed using the criteria x > median + 1.5 × IQR (interquartile range) (Pennock et al. 1992 ) and x > median + 3.0 × IQR (van Kessel et al. 1993) .
Results
Effect of rotations on environmental parameters Precipitation
Significant summer precipitation occurred in all years. When compared with the 1981-2010 climate normal of 610 mm (April-October), precipitation varied considerably, ranging from the driest year of 561 mm (2007) to the wettest year of 875 mm (2011). From Fig. 1 it can be seen that deviations in monthly precipitation from their respective climate normals were greater than deviations in growing season averages, so that the 6-year study period included a number of exceptionally dry and wet months (Fig. 1) .
Soil temperature
The growing season (GS) mean incubation temperature of soil cores was 13.1 ± 5.0, 12.9 ± 5.0, 14.0 ± 4.5, 17.1 ± 6.5, 15.0 ± 3.0, and 15.7 ± 5.3 (SD)°C for the years 2007 through 2012, respectively. The relatively high mean incubation temperature of 17.1°C in 2010 was the result of a warmer than average spring and a number of midsummer sample events that coincided with unusually hot days, while fall incubation temperatures were closer to those of the other years. The mean soil incubation temperatures compare well when the climatic normals for mean daily temperature at 5 cm soil depth of 5.5 (April), 12.7 (May), 17.8 (June), 21.4 (July), 21.1 (August), 16.9 (September), and 11.3 (October)°C are considered.
Bulk density (BD) and %WFPS
Mean GS soil BD generally followed the order CSW-NT > CSW-T = PH. NT soil management in a CSW rotation resulted in the highest BD in all six growing seasons Note: Statistical analysis conducted on log (base 10) transformed values. Treatment effects were considered significant at P < 0.05 level. ns, not significant; PH, perennial hayfield; CSW-T, corn-soybean-wheat with tillage; CSW-NT, corn-soybean-wheat without tillage. (Table 3 ). In contrast, there was no consistent difference between PH and CSW-T, the former being significantly higher in 2011 but significantly lower in 2008 and 2009. Mean GS, WFPS for the three rotation treatments ranged from 41.6 to 66.4% across the six growing seasons and was lowest in 2007 and 2012, the two driest years of the study (Fig. 1) . Within GS, mean %WFPS showed the following general order of increase: CSW-NT > CSW-T > PH. NT soil management in CSW-NT resulted in a significant increase in %WFPS in all years except 2008 when compared with CSW-T (Table 3) . In turn, CSW-T gave rise to a significantly greater %WFPS in the first three growing seasons (2008) (2009) (2010) when compared with the PH treatment. However, in 2011 and 2012, %WFPS means for CSW-T were less than those of PH and significantly so in 2012 (Table 3 ).
Soil respiration rates
Mean daily soil respiration rates (DRRs) for the treatments ranged between 10.9 and 53.8 kg CO 2 -C ha
and were significantly higher (approximately 2-fold) in the PH rotation when compared with the CSW rotations in all years except 2010, the plough-down and reestablished year for this rotation (Table 3 ). The overall mean DRR in the PH rotation over the 6-year study period was also significantly higher when compared with those of the CSW-T and CSW-NT rotations, averaging 34.1, 18.3, and 18.8 kg CO 2 -C ha −1 day −1 , respectively. In contrast, we did not measure significant differences in mean DRRs between CSW-T and CSW-NT in any of the six growing seasons.
Soil carbon (SC), total soil nitrogen (TSN), and C/N ratio Mean, GS carbon content of soil cores ranged between 1.7 and 2.1%. There were no significant differences between the three treatment rotations in 2008, 2009, and 2012 . Carbon content was elevated under CSW-NT in all years (by approximately 0.1%) when compared with CSW-T, but not significantly so except for 2010. Soil carbon contents in the PH rotation were comparable to those of the CSW rotations in the first three growing seasons but were significantly lower than CSW-NT in 2010 (spring plough-down of PH) and 2011 (Table 3 ) with a low of 1.7% in the latter year.
There was little variation in the GS TSN means (0.23-0.26%, w/w) and there were no significant differences between treatment rotations in 2008, 2009, and 2012 . In 2010 and 2011 the TSN in the CSW-NT treatment was significantly higher than CSW-T and PH. Accordingly, carbon to nitrogen ratio of soil cores remained relatively stable during the study period and ranged between 12.0 and 13.0 in all three treatments. There were no significant differences between treatments in 2007, 2008, 2009, and 2012 . As expected, spring ploughdown and re-establishment of the PH rotation in 2010, lowered the C/N ratio significantly in successive growing seasons when compared with the CSW rotations (Table 3) . (Table 4) . Mean ammonium contents were 2-4 mg N kg (Table 3) . A noticeable exception was 2010, the plough-down and reestablished year for PH, which gave rise to the highest mean GS nitrate levels of the study of 10.3 mg N kg −1 , significantly higher than both CSW-NT and CSW-T. ) PH 4.0 ± 10.2 4.7 ± 10.3 6.4 ± 14.1 10.4 ± 9.7 2.5 ± 2.0 2.7 ± 5.2 CSW-T 6.8 ± 9.9 3.6 ± 2.7 5.6 ± 8.6 4.6 ± 5.1 4.2 ± 2.7 5.3 ± 6.3 CSW-NT 4.8 ± 6.4 2.8 ± 2.8 5.9 ± 9.1 5.3 ± 7.2 3.6 ± 3.4 6.7 ± 11.0
KCl extractable soil ammonium/nitrate ratio Note: Values are the means ± standard deviations. PH, perennial hayfield; CSW-T, cornsoybean-wheat with tillage; CSW-NT, corn-soybean-wheat without tillage.
There was no consistent effect of tillage in the CSW rotations on soil ammonium and nitrate levels, the only significant differences occurring in 2010, when ammonium levels were significantly higher under CSW-T and in 2008 when nitrate levels were significantly higher under CSW-NT (Table 3) .
Soil drainage and nitrate leaching Figure 2A depicts the mean, daily drainage rates and mean tile nitrate concentrations for the 2010, 2011, and 2012 growing seasons. There were no significant differences in mean, daily tile drainage rates between treatment rotations in any of the three growing seasons. ; Fig. 2B ).
Effect of rotations on denitrification rates Mean, growing season daily denitrification rates
Across all treatments and growing seasons, mean DDRs ranged between 0.9 and 27.0 g N ha −1 day −1 . There was no significant difference in mean DDRs between CSW-T and NT rotations in any of the 6 years with the exception of the 2011 growing season, when CSW-T was significantly higher than CSW-NT (Table 5 ). Mean DDRs of the PH rotation were generally lower than those of the CSW rotations and significantly lower than CSW-NT in 2007 and 2011 and CSW-T in 2008 and 2011. When the overall means for the 6-year study period were considered, the mean DDR of the PH rotation (4.4 g N ha −1 day −1 ) was significantly lower than that of CSW-T and CSW-NT (8.1 and 7.6 g N ha −1 day −1 , respectively). However, T or NT in the CSW rotation did not give rise to significant differences in the overall mean DDR (Table 5) .
Seasonality of daily denitrification rates
Julian date did not consistently account for a major portion of the observed variance in DDRs (Table 6 ). In 3 of the 6 years (2007, 2010, and 2011) , there was a contribution with partial R 2 ranging between 0.11 and 0.23. In these cases the equation coefficient for JD is negative, indicating a declining trend in DDR as the season progresses (Table 6 ). Of note is that 2011 was a year in which no manure was applied at the site. effects are discarded, a clustering of sample events into three periods, namely Spring (mid-April to mid-June), mid-Summer (mid-June to end of August), and Fall (end of August to early November), provides further insight into the seasonality of DDR observations. From Fig. 4 , it can be seen that mean DDRs of all three treatment rotations were significantly higher in Spring when compared with the mid-Summer and Fall periods. Spring DDRs were also significantly higher in 5 out of 6 years, including all seasons when LDM was applied (2007, 2009, 2010, 2012) as well 2011 (no manure). The only exception was 2008, a non-manure season, when DDRs were highest in the mid-summer period (data not shown). In addition, the overall mean spring DDR for the entire study period was significantly higher when compared with the mid-summer and fall periods (Fig. 4) . These findings are comparable to those of Miller et al. (2012) who measured peak daily DDRs under barley earlier rather than later in the growing season in response to late fall applications of fresh and composted beef cattle manure over a 4-year period.
Discussion
Effect of rotation on denitrification rates Comparisons with other research findings
The range of mean DDRs from the three rotations over the 6-year study period (0.9-27.0 g N ha −1 day −1 , equivalent to 0.2-5.2 kg N ha −1 for the growing season) are on the lower side when compared with reports in the literature dealing with estimates of denitrification in manurefed cropping systems. Paul and Zebarth (1997b) measured denitrification rates in the upper soil layer that averaged 22 g N ha −1 day −1 from silage corn fed with spring applied LDM. Marshall et al. (1999) found that spring additions of poultry manure to pasture resulted in cumulative denitrification losses of up to 4.9 kg N ha −1 for a 150-day growing season, equivalent to a mean DDR of 32.0 g N ha −1 day −1 . In a study involving LDM applications to a Bermudagrass-rye-silage corn rotation applied at a rate of 246 kg total N ha −1 , Lowrance et al. (1998) reported mean DDRs of 20.2-63.1 g N ha −1 day −1 over a 2-year period, representing 3.0-9.3% of total manure N applied. Sullivan et al. (2005) measured denitrification rates ranging from 0.10 to 0.14 in a low year and 0.14-0.41 g N ha −1 day −1 in a high year following application of swine effluent to Bermudagrass at rates of 112-218 kg Total N ha −1 . In Nova Scotia, Mkhabela et al. (2008) reported denitrification rates ranging from 53 to 264 g N ha −1 day −1 in a continuous corn rotation with solid beef and LD manure application rates ranging from 62.5 to 168 kg N ha −1 .
Differences between seasons
It is generally accepted that denitrification losses are higher when organic N sources such as LDM are used for crop fertility in place of inorganic N fertilizers due to the increased availability of labile C and N compounds for use as energy sources and substrates for biological denitrification (e.g., Lowrance et al. 1998 ). However, mean DDRs across all three rotations in 2008 and 2011, the 2 years in which no LDM was applied, were not lower than average when compared with the means for the manure years 2007, 2009, 2010, and 2012 . In addition, the inputs of inorganic N in 2008 and 2011 were appreciably lower than the total N inputs in the manure years (Table 1) . This suggests that with multiple applications over longer periods (the rotations were started in 2002), the availability of labile C and N compounds in the root zone in a no-manure year may not be limiting for denitrification due to carry-over effects. In addition, the actual rate of spring applied manure N deviated substantially from the target rate of 175 kg N ha −1 (Table 1) (Table 5 ) and coincided with the lowest manure N application rate of 132 kg ha −1 . Since decomposition of organic compounds in manure is a function of soil temperature, carry-over effects would be a more likely scenario in the cool maritime climate of Atlantic Canada with its relatively short and cool growing season and long, cold winters, when compared with warmer climes. Estavillo et al. (1994) for example found that denitrification losses from cattle slurry represented <5% of applied N the first year, but as much as 10% in the second year.
Differences between rotations
No reference to comparisons between manure-fed PH and CSW rotations could be found in the literature. The observation of significantly lower mean DDRs over the entire study period in PH when compared with CSW-T and CSW-NT (Table 5 ) is a new finding and does not appear to be related the application of manure in the spring (Tables 1-5 ), but rather to one or more soil properties such as %WFPS, carbon and nitrate in any given season (Table 3) .
The lack of any significant differences in DDR between CSW-T and CSW-NT in our study is somewhat in contrast to other findings in the literature. Fan et al. (1997) reported significantly higher losses at one of two sites under NT continuous corn fertilized with inorganic N, stating a probable cause of higher soil moisture contents when compared with till. Liu et al. (2007) reported higher denitrification losses at 75% WFPS in arable soils when compared with losses at 60%. In the first year of their study in Nova Scotia, Mkhabela et al. (2008) reported significantly higher denitrification rates (121-264 g N ha −1 day −1 ) under manure-fed, NT corn when compared with till (52-88 g N ha −1 day −1 ). Denitrification rates were also higher under NT in the second year, but not significantly so. In our study, mean %WFPS values, while significantly higher under NT in five out of the six growing seasons, were generally low, in the 45-65% range. The effect of tillage practices on the availability of labile organic constituents in the soil may also have influenced DDRs, but our data does not allow an assessment of this relationship.
Correlations between environmental parameters and denitrification rates Soil temperature Soil core incubation temperature, which ranged between 5 and 27°C, did not account for any significant portion of the observed variance in DDR in any of the six growing seasons (Table 6 ). Ryden (1983) reported an 8.5-fold increase in denitrification from fertilized grassland with an increase in soil temperature from 5 to 10°C in early spring. Fischer and Whalen (2005) observed an increase in the temperature coefficient for denitrifying enzyme activity of soils from 1.6 to 2.8 between 7 and 30°C and concluded that soil denitrifying communities appear to be well adapted to summer soil temperatures, but are responsive only once requirements for anaerobic conditions have been met. In our study, 17% of observations were made at temperatures between 5 and 10°C and were associated with an average DDR of 5.0 g N 2 O-N ha −1 day −1 , compared with temperatures between 10 and 27°C that were associated with an average of 7.4 g N 2 O-N ha −1 day −1 . It appears therefore that with the exception of some response at the lower end, the range of soil temperatures encountered in this study were not limiting for denitrification.
WFPS
WFPS of the upper 10 cm soil layer, a transient soil physical property that varied principally in response to GS precipitation and evapotranspiration, was the only variable that consistently accounted for any significant portion of the observed variance in DDR in all 6 years (partial R 2 = 0.16-0.39; Table 6 ), when compared with soil ammonium, nitrate, temperature, and Julian date.
Highly saturated soil conditions (>85% WFPS) were rarely encountered during sample events (<3% of population observations). The most probable reason was the relatively high K sat value of 30.4 cm h −1 of the surface horizon, which would have resulted in a fairly rapid drainage of excess water from the 0-10 cm layer after summer precipitation events, which tend to be of short duration in the form of showers. As in the case of BD, the highest %WFPS means were found in CSW-NT. This may in part be due to the effect of BD in determining pore size distribution and water retention of the soil cores. When random and fixed effects are ignored, a population regression of DDRs on %WFPS as the independent variable (n = 1454 data pairs), yields a poor correlation (R 2 = 0.34; data not shown). However, the role of soil water content in denitrification via its effect on oxygen diffusion becomes evident when the population of data pairs is binned into a number of %WFPS range classes. When the corresponding arithmetic means within each range class are regressed, a positive correlation emerges with DDRs in the upper range class (73.0-98.9% WFPS) that are in excess of two orders of magnitude higher (132 g N 2 O-N ha −1 day −1 ) when compared with DDRs of the lower (9.7-41.1% WFPS) range class (Fig. 5) . This demonstrates that low DDRs are more frequently associated with the lower %WFPS ranges and vice versa. The base requirement for the onset of significant DDRs of~30% WFPS demonstrated in this relationship, as well as the pronounced increase in denitrification rates observed between 60 and +80% WFPS in our study is consistent with the findings of other authors for a threshold WFPS value for denitrification (Burton and Beauchamp 1985; Bateman and Baggs 2005) . This relationship demonstrates some aspects of the denitrification phenomenon exhibited by these dairy rotations in Atlantic Canada. Firstly, precipitation events coupled with drainage and evapotranspiration processes were the drivers for denitrification in this rain-fed study via their effect on soil water content, water filled pore space and the potential for limiting oxygen diffusion in soils. Secondly, the effect of %WFPS is not that of an independent, continuous process, but rather a threshold phenomenon dependent on the oxygen consumption associated with general soil microbial activity. The binning approach better represents the "fuzzy" and co-dependent transition from oxygen sufficient to oxygen limiting conditions that results in increased denitrification rates.
Soil inorganic N
Before discussing the effect of inorganic N levels and nitrate leaching on DDRs, it is relevant to explore an observation of this study, namely the relatively low soil nitrate levels of the cores (0-10 cm depth) which gave rise to consistently high ammonium : nitrate ratios (Table 4) . Population means (n = 1464 sample events) of 14.1 ± 11.4 and 5.3 ± 8.0 (SD) mg N kg −1 for soil ammonium and nitrate respectively, correspond to a ratio of 3.2 over the 6-year study period. This is unusual since the conversion of NH 4 + to NO 2 − and NO 3 − by autotrophic bacteria is normally not considered rate limiting when compared with the ammonification of organic N to NH 4 + by a nonspecialized, heterotrophic, microbial population requiring organic substrates for energy (Butterbach-Bahl and Gundersen 2006) . We hypothesize that plant uptake, frequent and relatively high leaching losses from the uppermost soil increment in response to GS precipitation ( Fig. 1) as well as denitrification losses over the course of the GS, are factors contributing to this observation.
While mean GS, KCl extractable soil nitrate concentrations did not appear to account for any significant portion of the observed variance in DDR in any of the six growing seasons (Table 6 ), the range class-regression procedure for the 6-year data set described earlier for WFPS results in a logarithmic relationship between soil nitrate and DDR. From Fig. 6 , it can be seen that increases in nitrate in the range 0-3 mg N kg −1 gave rise to sharp increases in DDR, with declining responses above~3 mg. Similar findings with regard to threshold soil nitrate levels have been reported by Ryden (1983) and Estavillo et al. (1994) , namely that denitrification is independent of nitrate supply at concentrations of 5-10 mg N kg −1 , but becomes considerably dependent below 5-6 mg N kg −1 . In our study, 61.7% of all nitrate values were below 3 mg kg −1 soil. It would appear therefore, that as in the case of WFPS, there is a threshold phenomenon at work that governs the effect of soil nitrate concentrations on DDRs when the former is in the low range. As water content increases, the path length for diffusion of nitrate in the soil solution to sites of denitrification becomes shorter and the availability of nitrate as a substrate for bacterial denitrification becomes less limiting. This demonstrates the dependence of soil nitrate availability for denitrification on soil water content.
As in the case of nitrate, soil ammonium concentrations did not contribute to the observed variance in DDR in a stepwise multiple linear regression analysis by year (Table 6 ) and neither did the range-class approach reveal any relation between this variable and DDRs.
A further observation is that the magnitude of variation in soil core nitrate levels was greater than that of ammonium in all seasons (Table 4) . We attribute this to the spatial variation in micro-topography of the surface layer -the vertical flux of water during GS precipitation events in slightly depressed locations is expected to be greater than in slightly raised areas due to temporary ponding of water, a phenomenon which is likely to affect nitrate concentrations more so than their ammonium counterparts. Given that the 0-10 cm depth increment is the most extensively and frequently leached soil layer when compared with deeper layers of the root zone, it is feasible that in rain fed cropping systems in Atlantic Canada receiving more than 500 mm of rain in the growing season (Fig. 1) , soil nitrate levels will be lower when compared with a standard topsoil sample taken to a greater depth (e.g., 0-15, 20, or 30 cm) for nutrient analysis or for a lower depth increment within the root zone (e.g., 10-20 or 20-30 cm depth). This greater variation therefore reflects greater spatial variation in removal of nitrate from the uppermost portion of the root zone when compared with ammonium. The lower mobility of the positively charged ammonium ion would also favour a higher ammonium : nitrate ratio. In our study, we did not detect differences in denitrification rates between CSW-T and NT in five out of six growing seasons (Table 5) and no differences at all in nitrate leaching. The inverse relationship between denitrification rates and nitrate leaching across three seasons for both CSW-T and NT in our study does, however, suggest that higher denitrification rates may be a contributing factor to lower leaching losses in any given season. Other factors such as crop uptake (corn-soybean-wheat), N application rate, soil mineral N concentrations as well as evapotranspiration rates, rainfall and drainage patterns may also play a role, but we could not find a consistent relationship between any of these variables and nitrate leaching. In the case of the PH treatment the relationship between nitrate leaching and denitrification rates is less clear. Previous work by Fuller et al. (2010) at the site with the same treatment rotations has demonstrated significantly lower (2.7-fold) GS nitrate leaching under a mature PH stand when compared with CSW-NT and CSW-T rotations. In the last three growing seasons of the current study (2010) (2011) (2012) however, this same trend was not immediately apparent due to the effect of the spring plough down and re-establishment of the PH rotation in 2010. The subsequent decomposition of the sod and mineralization of organic N gave rise to significantly higher tile nitrate concentrations when compared with CSW-T and NT (Fig. 2B) . These higher leaching losses in PH in 2010 were accompanied by a high mean GS DDR of 21.6 g N ha −1 day −1 (Fig. 2B and Table 5 ). In subsequent growing seasons, tile nitrate concentrations in PH declined as the stand matured and were not significantly different to the CSW rotations in 2011 and significantly lower than both CSW-T and NT in 2012 (Fig. 2B) . These declining leaching losses in 2011 and 2012 were associated with low mean GS DDRs. It appears therefore that 2010 was season in which mineralized soil nitrate in the PH treatment was not limiting for denitrification in spite of substantial leaching losses. This is further supported by the relatively high mean, GS soil nitrate concentration for the PH treatment in 2010 of 10.4 mg N kg −1 , when compared with the other years of the study (Table 4) . It should be mentioned though that previous research at the site has demonstrated higher nitrate losses from all three rotations during the non-growing season due to higher drainage rates nitrates (Fuller et al. 2010) and that leaching of residual soil nitrate towards the end of the growing season may appear as GS or non-GS losses depending on fall precipitation patterns. Further research is therefore required to elucidate this relationship.
Soil respiration
The evolution of CO 2 during incubation of soil cores with acetylene can be seen as a measure of soil respiration (SR) under oxygen limiting conditions. The significantly elevated, daily respiration rates of the PH rotation in five out of six growing seasons, as well as the lack of significant differences between the CSW-T and -NT rotations in any of the study years, is an indication of differences in soil microbial metabolism and oxygen consumption between the PH and CSW rotations as it relates to denitrification. While no effect of rotation treatment on soil organic carbon could be found in our study, and in addition no effect of soil carbon itself on denitrification, it is interesting that when the range-class regression approach mentioned above for %WFPS and soil nitrate is used, a similar, polynomial relationship between SR rate and DDR is obtained (Fig. 7) . This finding establishes a relationship between soil respiration and denitrification in our study and supports other research on denitrification using the acetylene inhibition technique. For example, Miller et al. (2009) , reported a positive relationship between cumulative CO 2 emissions and total denitrification on soils amended with LD and swine manure. Finally, when regressing WFPS as an independent variable on soil respiration using the range class approach, an inverse linear relationship between these two variables emerges (SR = -0.24 × %WFPS + 40.9; R 2 = 0.92; data not shown). These findings suggest a primary effect of WFPS, a secondary effect of O 2 consumption as reflected by soil respiration and a soil nitrate effect in operation at low concentrations.
Hotspots observations
High variability in soil denitrification rates has been reported by numerous authors and has been attributed largely to spatial and temporal variation in soil water contents which give rise to localized anaerobic "hotspots" (Burton and Beauchamp 1985; Parkin 1987; Mosier and Klemedtsson 1994) . Hotspots identified by the approach of Pennock et al. (1992) , namely observations >median + 1.5 × IQR, equivalent to >83.3 g N ha −1 day −1 are provided in Table 7 . These percentages are higher and more variable across treatments and years when compared with those obtained by Miller et al. (2012) , who used similar methods to obtain estimates of denitrification from soils receiving cattle manure. Using the hotspot criterion of van Kessel et al. (1993) , namely >median + 3 × IQR, (equivalent to >166.1 g N ha −1 day −1 ), reduces the number of hotspot observations considerably. Of note is that the hotspot observations tended to be clustered within specific sample events (dates). The data also shows that for both criteria, the greatest number of hotspot observations were made in 2010 (the growing season in which the highest cumulative denitrification losses occurred), and followed the order CSW-NT > PH > CSW-T (Table 7) . Given the relationship between %WFPS and DDR discussed earlier, it can be seen that hotspot observations in experiments with longer intervals between sample dates, may lead to over estimation of mean GS DDRs or DDRs for specific van Kessel et al. (1993) , equivalent to 164.8 g N ha −1 day −1 . intervals in the growing season, especially on more permeable soils and during times of high evapotranspiration. Conversely, sampling immediately prior to significant rainfall may result in underestimation of denitrification rates over short periods.
Conclusions
When LDM was used as principal N source for the production of forage crops on a typical soil using large plots and field scale practices, a perennial hayfield rotation gave rise to significantly lower daily denitrification rates in three out of six growing seasons and significantly lower rates over the entire study period, when compared with a CSW rotation. In a CSW rotation, incorporation of spring applied LDM with reduced till practices had no effect on mean daily denitrification rates in any of the six growing seasons of the study, when compared with NT practices.
Denitrification rates were not lower in years when no LD manure was applied, indicating a possible carry over effect of labile C and N compounds for use as energy sources and substrates in biological denitrification. Daily denitrification rates were significantly higher in the spring, post manure application period, when compared with mid-summer and fall periods.
Percent water-filled pore space was found to be the most important driver for denitrification via the limiting effect on oxygen diffusion. A positive relationship between WFPS and DDRs in the combined data set indicated a threshold of approximately 40% for onset of significant denitrification, while an inverse relationship between WFPS and soil respiration was found, demonstrating the dependence of oxygen-limiting conditions on the former. While there was no clear effect of soil nitrate levels on DDRs within a growing season, a strong positive relationship between soil nitrate levels and denitrification rates in the population data set demonstrated that soil nitrate concentrations only limited DDR below the 2-5 mg N kg −1 range. Lower denitrification rates were also associated with lower leaching losses in the mature PH stand when compared with the CSW rotations. The effect of spring plough-down of the stable PH on the increase in NO 3 − leaching relative to CSW in the year of re-establishment is noteworthy. This was contrasted by the lack of difference in the subsequent year and lower nitrate losses during the second season after re-establishment as the PH stand matured.
Environmental variables were more consistently the drivers for denitrification losses in three manurefed crop rotations typical of Atlantic Canada dairy operations, when compared with the effects of land management decisions such as rotation type, allocation of lands for manure applications for crop N requirements and tillage operations. Since these losses of N by denitrification were found to occur on a tile drained soil, the study points towards the potential importance of this practice in combatting losses on imperfectly and poorly drained soils in Atlantic Canada.
